In the ''Sea Diamond'' shipwreck, it is estimated that almost 1.7 tons of batteries/accumulators and approximately 150 cathode ray tube technology televisions have gone to the bottom of the sea. Under these circumstances, all the aforementioned materials will eventually undergo severe accelerated corrosion. Consequently, a variety of heavy metals will either be released in seawater or precipitate in the form of salts resulting in contamination of the sea sediments. According to the ship data, and the aforementioned quantities of batteries and televisions, it is estimated that approximately 75-80 g of mercury, 630-1,050 g of cadmium and 1.14-1.26 tons of lead exist in the wreck only due to the electrical and electronic equipment present in the ship, not to mention the significant amount of heavy metals such as copper, nickel, ferrous and chromium that exist in the hulk. Four series of seawater sampling (n = 85) were conducted in different stations surrounding the wreck area in order to assess the overall impact from the release of heavy metals in the surrounding aquatic environment. The analysis indicated that there were stations where lead, zinc and cadmium were present in concentrations higher than the permissible limits set by the Unites States Environmental Protection Agency for seawater. Furthermore, the analysis of three series of sediment sampling (n = 31) from the wreck area showed elevated but expected concentration values for ferrous and manganese, considering the geological background of the area and contamination with lead, copper and cadmium.
Introduction
For as long as ships have been traveling upon the water of the earth, they have been sinking. There are many reasons for the demise of a vessel such as wild weather conditions, armed conflicts and navigational or other human errors (Rogowska and Namieśnik 2009) . Although many studies have been carried out on the environmental effects following a sinking, especially of oil, fuels and cargo released in the sea, few of them have concentrated in the chemical pollution caused in seawater and surface sediments by the release of heavy metals (Jones 2007) .
Heavy metals exist naturally in the sea column as well as in sea sediments in low concentrations (Ansari et al. 2004 ). Due to their low rate of biodegradation, they are considered to be persistent pollutants (Clark 2002) . In a passenger ship, heavy metals are present almost everywhere (in the antifouling paints, in the electric and electronic equipment (EEE), in its hull and in the sacrificed anodes). The corrosion of all the aforementioned parts of a ship and consequently metals under seawater is a multifactorial process, influenced by both physicochemical and biological parameters. The most important of them are pH, salinity, temperature, depth, electrical conductivity, velocity of sea currents and microorganisms. Each one of these parameters has an equally significant impact both individually and in combination with others (Phull 2010) . Table 1a presents the most significant heavy metal Electronic supplementary material The online version of this article (doi:10.1007/s13762-013-0331-z) contains supplementary material, which is available to authorized users. concentration limits in seawater, set by the Unites States Environmental Protection Agency (US EPA 2009). Criterion maximum concentration (CMC) is an estimate of the highest concentration of a material in surface water to which an aquatic community can be exposed briefly without resulting in an unacceptable effect, whereas criterion continuous concentration (CCC) stands for the highest concentration for indefinite exposure. Significant amount of heavy metals will also end up, in a short period of time, in sea sediments (Clark 2002) . In fact, on the long run, sediments are the final recipient of heavy metals (Fytianos 1996) . Table 1b presents heavy metal concentration limits regarding two sets of guidelines (ERL/ERM and TEL/PEL) for assessing sediment contamination, which will be analyzed thoroughly in section ''Application of SQGs for the contamination assessment of sediments from the surrounding wreck area'' of the present work.
Many studies have attempted a thorough report concerning the consequences to the environment following a sinking. Prego and Cobelo-Garcia (2004) and SantosEcheandia et al. (2005) reported contamination from Pb to Cu in the Galician water column near the point of the ''Prestige'' shipwreck. Other scientists studied heavy metal contamination due to benzene or oil spills (Mirlean et al. 2001; Lin and Hu 2007; Bu-Olayan et al. 1998) . Jones (2007) revealed contamination by Cu and Zn in sediments near the ''Norwegian Crown'' wreck, mainly attributed to the wearing of the antifouling (AF) paints.
In the present study, the authors focused on the evaluation of heavy metal contamination levels of the area surrounding the wreck of the MS ''Sea Diamond'' that took place on April 5, 2007, in the caldera of the island of Santorini, in Greece. Seawater samples (n = 85) were collected and analyzed in their metal concentrations. Moreover, sediment quality guidelines (SQGs) were applied in order to evaluate the total metal contents of Fig. 1 Sampling sites of the a first and b second series of seawater sampling the ship was towed off the rocks, and her list was stabilized. The large amount of water taken on board led the ship to sink at about 7:00 EEST on April 6, 2007, just a few hundred meters from the shore. Video footage showed that, just before the stern was settled onto the bottom of the sea, the ship completely inverted. It was later reported that the tip of the bow was only 62 m below sea level, whereas the stern was in a depth of almost 180 m, a fact that leads to an almost vertical sinking scenario. Keeping in mind the volcanic activity of the area, it is feared that the hull would either brake or slide deeper and sink into the submerged caldera of the island. It has been speculated that the deep, almost vertical shore of the bathtub-like caldera made it impossible to beach the ship and save it from becoming a total loss (http://en.wikipedia.org/wiki/MS_Sea_Diamond). consisted of scientists from various scientific fields, after evaluating the results, suggested that such a wreck in such a closed sea like the Caldera of Santorini would make it a constant concern for the environment and that a salvage of the wreck should be mandatory (Gidarakos et al. 2011) . Table 2 presents an assessment of the total metal and heavy metal quantities existing in ''Sea Diamond'' shipwreck, according to the green passport of the ship and the Study of Environmental Impacts due to the shipwreck, conducted by the research team in the Laboratory of Toxic and Hazardous Waste Management of Technical University of Crete (Environmental Protection Engineering S.A. 2008; Gidarakos et al. 2011) .
It is obvious that zinc, copper and manganese are the most abundant elements from a total content point of view. That, of course, is by no means a criterion for the environmental impact of these particular metals. Small quantities of certain elements (e.g., Pb, Cd and Hg) may have a far more disastrous effect on the aquatic environment (Schreiber and Burger 2002) . Table 2 was built based on the initial data of the ship regarding its infrastructure, cargo and ''Green Passport'' along with the data resulted from the study conducted in TUC (Environmental Protection Engineering S.A. 2008; Gidarakos et al. 2011 ). However, one should keep in mind that there are sources of elements existing in various parts or materials of the ship that are impossible to be estimated. Such are fuels (Cd, Pb and Cu) (Prego and Cobelo-Garcia 2004) , unknown Polyvinyl chloride (PVC) containing Cd as an element for its stabilizers, food metallic packages and many others. These quantities have not been included in our calculations.
Materials and methods

Sampling sites and sample collection
Four series of seawater sampling (n = 85) and three series of sediment sampling (n = 31) were carried out for the complete evaluation of the contamination of the wreck area. Figures 1 and 2 present the sampling sites of all the series regarding the water samples, and Fig. 3 shows the sampling sites of all the series of sediment samples. The coordinates of all the sampling sites are presented in Table 3 .
All the water samples were collected from a depth of approximately 2 m by the use of a 10-L Niskin sampler. The samples were then placed in 250-mL HDPE (high density polyethylene) bottles which had been previously washed and stayed on nitric acid 10 % over a week. The samples were acidified directly after sampling (HNO 3 , Fluka, and nitric acid TraceSELECT Ultra for trace analysis), transported to the Laboratory of Toxic and Hazardous Waste Management in TUC within 24 h and filtered (0.45 lm). The samples from all four series of seawater sampling were analyzed in the laboratories of TUC without undergoing any further dissolution. More specifically, samples were analyzed by the use of ICP-MS (Agilent 7500-CX) and according to standard EN ISO 11885 for all heavy metals, except mercury, which was measured according to EN 1483-E12-4.
The sediment samples were collected from the wreck area with the help of a diver, stored in HDPE bottles that were previously washed with HNO 3 10 % and kept in -4°C until they were sent to the laboratories of TUC. The The significance of the combined examination of seawater and sediment samples for the environmental contamination assessment of an area
The concentration of different heavy metals in surficial sediment samples is an important indicator for the overall assessment of the contamination of a particular area, since sediments are the final recipient of water intakes (Fytianos 1996) . The presence of heavy metals in benthic sediments constitutes a potential danger for aquatic ecosystems. Sediments have high capability of accumulating and embodying heavy metals and organic contaminants even if their concentrations in the water column are relatively small. Their absorption/adsorption mechanisms depend on the nature of the sediments' particles, the properties of the absorbed contaminant and the existing physicochemical circumstances. Although most of the absorbed heavy metals in sediments are not biodegradable, it is possible, under certain mechanisms, to be released again in the water column. These mechanisms include sediment resuspension, adsorption, redox reactions and consumption from benthic flora. Consequently, sediment contamination with heavy metals can directly influence the seawater quality causing, thereby, adverse effects to the most sensitive levels of the food chain (Christophoridis et al. 2009 ). Due to the origin of heavy metals in sea sediments (anthropogenic or natural), there can be found in many forms, either strongly bound in the sediments' infrastructure or weakly absorbed in the solid-liquid interface. Many factors can influence the concentrations of heavy metals in sediments such as the mineralogy of the sediment, the pH and redox of seawater, precipitation and adsorption mechanisms and redox condition of the metals (Papaefthymiou et al. 2010 ). The largest percentage of the anthropogenic derived heavy metals in a sediment can be found in its most fine particles (\63 lm) whereas in the sandy fraction, concentrations of heavy metals tend to diminish due to the existence of quartz grains usually found in this fraction (Islam and Tanaka 2004) . The examination of sediments is, therefore, significant as well as necessary in order to have an overall environmental assessment of the contamination of an area.
Results and discussion
General observations from the four series of seawater sampling and comparison to EPA limits
Judging from the results of the first series of samples (n = 29, Fig. 1a) , there is no particular correlation between metal concentrations and distance from the wreck point. According to the concentration limits of heavy metals in seawater set by the US EPA, shown in Table 1a , there was only one limit exceeded in the first series of samples (a 3 % percentage of the total number of seawater samples examined), concerning copper in station 8 (4.80 ppb). This measurement could be random, but one should keep in mind that the corrosion of copper is a very slow procedure; thus, more measurements like this are expected in the future. Zinc was also measured in noteworthy concentrations (stations 12, 15 and 16) but within the permissible limits of Table 1a .
In the second sampling series (n = 25, Fig. 1b ), no measured concentration value was above the EPA limits, and most elements exhibited values below detection limits. Only ferrous (Fe) and manganese (Mn) were measured in noteworthy but expected concentrations, taking into consideration the geochemical background of the area. Cadmium ( The third series of sampling (n = 18, Fig. 2a ) revealed the presence of Cd and Pb in elevated concentration values (1.3-6.5 and 1.2-6.5 ppm respectively), high above the CMC in five samples (a 28 % percentage of the number of samples examined in the third series of sampling). Moreover, Pb was found in three more samples (17 % of the total samples) in concentrations exceeding the CCC limit. Since the samples have not been contaminated or mixed with other substances, serious concern is raised. It is most possible, if not random, that these significantly high concentrations may be the result of floating, non-obvious polyaromatic hydrocarbons (PAHs) escaped from the anticontaminant petroleum residue barrier (Gidarakos et al. 2011) . Such concentration values of lead have also been observed in ship dismantling areas (Srinivasa Reddy et al. 2005) . Furthermore, zinc was measured in relatively high concentrations in four stations (C3, U1, U2 and U3). These concentration values could possibly be related to its release from sacrificed anodes, propeller alloys or antifouling compounds such as ZnPT 2 , existing in ''Sea Diamond.'' Finally, in the fourth series of sampling (n = 13, Fig. 2b ), no concentration was measured above the EPA limits and only zinc (Zn) exhibited considerable values, which could possibly be related to ''Sea Diamond'' shipwreck for the same, as the above-mentioned, reasons.
All the aforementioned observations, numbers and percentages of samples exceeding EPA limits from all four series of seawater sampling are presented in Table 4 (provided also as electronic supplementary material). No statistical mean values can be given for the majority of metals in all series of seawater sampling due to a large number of measurements below detection limit, hence the lack of a unitary Table with mean values.
General observations from the three series of sediment sampling
The first series of sediment sampling (n = 10, Fig. 3 ) indicated noteworthy concentrations of Mn (370 ppm, mean value) and Cu (48.8 ppm, mean value), whereas Zn, Cr and Ni concentration values were relatively low (Table 5 ). The manganese concentrations could be mainly attributed to the hydrothermal wells of the area rather than the shipwreck. Copper on the other hand, as it has been reported in other studies (Johnston et al. 2003 , MacLeod et al. 2004 ) is one of the metals that will likely contaminate the sediments of the area in the long run, mostly because of its slow rate of corrosion and due to its wide presence in the hull. HFO (heavy fuel oil) is also capable of contaminating the sediments with copper by releasing it before the former one is collected by the use of anticontaminant petroleum residue barriers (Prego and Cobelo-Garcia 2004; SantosEcheandia et al. 2005) .
During the second sampling series, no sediment samples were collected, hence the lack of a second sampling series column in Table 5 .
The third sampling series (n = 10, Fig. 3) showed the same tendency as far as Zn, Cr and Ni are concerned with the additional observation of high measurements of Cd in almost 25 % of the samples (10.7 ppm, mean value, Table 5 ). Such concentrations of cadmium have never been observed in the caldera of Santorini before and are comparable only to concentrations measured in Piraeus, Alexandroupolis and Thermaikos harbor (Boboti et al. 1985; Poulos et al. 2007; Violintzis et al. 2009 ). All these three aforementioned harbors have been subjected to anthropogenic derived contamination sources. Since the estimated quantities of cadmium in the MS ''Sea Diamond'' are relatively low (see Table 5 ), it is our belief that these high concentration values most likely come from possible escape of petroleum residues (HFO) from the anticontaminant barrier (Gidarakos et al. 2011) . Cadmium may also be present in other components/ parts of the ship that could not be feasible to estimate, since such concentrations have been reported in sediments nearby warship wreck (Johnston et al. 2003) . The fourth and last sampling series followed the exact tendency of the third in all metal concentrations (Table 5 ).
All series of sediment sampling revealed high levels of iron concentrations (1.6-2.7 w/w %). These values, however, were expected due to the hydrothermal activity of the area and the geological background concentrations existing in bibliography (Varnavas and Cronan 2005) . Taking into consideration the fact that iron ions do not completely transform into slug, it is possible that part of the iron existing in the hull of ''Sea Diamond'' will be corroded and thus contaminate even more the sediments in the long run (Michel and Helton 2003) .
Similar conclusions to iron can be reported for the concentrations of manganese.
Application of SQGs for the contamination assessment of sediments from the surrounding wreck area There are many methods for calculating the degree of metal contamination in the sediments of a particular area (Ridgway and Shimmield 2002) . The most common ones are the enrichment factor (EF), the contamination factor (CF) and the modified degree of contamination (mC d ) (Hakanson 1980) . However, all of these pollution indicators use geological background/reference concentration values for their calculation. Santorini is an island presenting high levels of hydrothermal activity especially in the area where the wreck lies. This activity has resulted in a release of metals, such as iron and manganese, which precipitate selectively in various distances from the hydrothermal wells, thus creating metal zones of various concentrations both in sediments and in the water column (Varnavas and Cronan 2005) .
As a consequence, therefore, there is a large bibliographic data for metal concentrations regarding the particular area as well as a wide range of reference concentrations due to the existence of these hydrothermal wells. The latter ones, coupled with the volcanic activity in Santorini, were the reasons for not following the pollution indicators' ''path'' that would possibly lead to precarious results. Instead, the authors chose to use the sediment quality guidelines (SQGs).
The use of SQGs is a common practice for evaluating the sediment contamination of an area (Leotsinidis and Sazakli 2008; Violintzis et al. 2009; Christophoridis et al. 2009; Kapsimalis et al. 2010) . Two sets of guidelines were used: the ERL/ERM and TEL/PEL. The low range values (effects range low or threshold effect level) represent concentrations below which adverse effects upon living organisms in sediments are not likely to occur. Upper range values (effects range median or probable effects level) represent concentrations which are strongly affiliated with the appearance of adverse effects to aquatic organisms (Long et al. 1995; Burton 2002) .
The ERL/ERM indicators use the 10 and 50 % of metal concentrations that create adverse effects to benthic organisms, respectively. On the other hand, TEL/PEL indicators use the geometric mean of the aforementioned percentiles of concentration values that create or not adverse biological effects (Violintzis et al. 2009 ). Table 1b presents the ERL/ERM and TEL/PEL values for heavy metals in sediments. Figure 4 shows the distribution of heavy metal concentrations of all the sediment samples in accordance with the ERL/ERM and TEL/PEL values.
The results of Fig. 4 indicate that almost 25.8 % of the sediments appeared to have Cd concentration values higher than the PEL limit, thus associating these values with frequent toxic effects on benthic organisms. However, the fact that 9.1 % of the sediment samples appeared to have Cd concentrations higher than the ERM limit is a rather concerning one. Furthermore, 48.4 and 38.7 % of Pb and Cu, respectively, could be associated with occasional adverse biological effects, suggesting a contamination source near the wreck area, with possible direct suspect the MS ''Sea Diamond.'' (Gidarakos et al. 2011) A more realistic numerical approach for the sediments' toxicity can be given by using the mean quotients ERMQ and PELQ according to the following equations:
where M i is the concentration of element i in each sediment sample, ERM i and PEL i the guideline values for the examined element i, given in Table 1b , and n the number of metals. These formulas can be applied in case of multiple contaminants existing in the sediment that may result in an additive behavior in causing adverse effects. More specifically the classification of sediments according to ERMQ and PELQ is as follows: ERMQ values of \0.1, 0.11-0.5, 0.51-1.5 and [1.5 are related to 12, 30, 46 and 74 %, respectively, that sediments present toxicity in their dwelling fauna. Similarly, PELQ values of \0.1, 0.11-1.5, 1.51-2.3 and [2.3 are related to 10, 25, 50 and 76 %, of toxicity, respectively (Long and MacDonald 1998; McCready et al. 2006) .
The ERMQ for all the sediment samples taken was calculated and found to be 0.128, whereas the PELQ was 0.24. According to the aforementioned classification, the surrounding wreck area appears to have ''low-to-medium'' possibility (25-30 %) chance of presenting adverse toxic effects due to an additive behavior of all the heavy metals combined (Pb, Cd, Cr, Ni, Hg, Zn, Cu). These final results of mean quotients are attributed primarily in cadmium, nickel and lead and secondarily in copper and zinc. As far as chromium and mercury are concerned, there is no indication for any contribution in the contamination of the sediments of the area (also provided as electronic supplementary material).
Due to the volcanic activity of the area and the presence of hydrothermal wells, one could say that throughout the years the benthic community of the Caldera of Santorini has been possibly adopted to such ''circumstances'' and perhaps the concern of contamination that has arisen by the application of SQGs is not that important. This statement can also be sustained by the fact that SQGs do not take into consideration the natural fluctuations of the geological background of the area. Nevertheless, the high concentration values of cadmium and lead indicate the existence of a contamination source nearby stations SD1, SD2, SD3, a fact which could possibly lead to suspect the ''Sea Diamond'' shipwreck.
Conclusion
In the present study, the assessment and evaluation of heavy metal release due to the ''Sea Diamond'' shipwreck was aimed, and the results were compared with literature data on sediment quality guidelines and EPA concentration limits for heavy metals in seawater.
Samples from the water column taken in the first two series of sampling showed low concentration values for all metals. However, the last two series revealed the abundant presence of Pb and Cd in concern levels. It is our belief though, that these high concentration values could be, if not random, a result of floating, non-obvious polyaromatic hydrocarbons (sheens) that could have escaped the anticontaminant barrier. Copper was also one of the metals found in relatively high concentration values in particular samples. Although Cu was, in general, found in normal levels, it is one of the elements that may create future problems due to its low rate of corrosion.
Zinc should also be taken into future consideration and examination.
Concentration values of copper in sediment samples showed an elevated tendency in comparison with previous measurements in the area, indicating that the sea sediments nearby the wreck will be contaminated in the future, up to a point, due to the corrosion of the ship or of the antifouling paints. Lead was another element that was present in high concentration levels. which according to ERL/ERM and TEL/PEL limits indicates anthropogenic contamination. It is also noteworthy that in 9.1 and 25.8 % of the samples, cadmium concentrations were higher than the ERM and PEL limits, respectively, thus associating these values with frequent toxic effects on benthic organisms.
